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1 MCs have the common structure cyclo-(-D-Ala 1 -L-X 2 -D-isoMeAsp 3 -L-Z 4 -Adda 5 -D-isoGlu 6 -Mdha 7 ), where the superscripted numbers indicate the position of an amino acid according to the accepted numbering system. 2 Structural diversification is the result of amino acid substitutions in positions 2, 3, 4, and 7. The changes in positions 3 and 7 are semiconservative. Thus, either D-aspartic acid (D-Asp) or D-erythro--methylaspartic acid (D-MeAsp) may occupy position 3, whereas either Nmethyldehydroalanine (Mdha), dehydroalanine (Dha), or 2-amino-2-butenoic acid (Dhb) is incorporated into position 7. The letters X and Z in the general formula above represent a wide range of L-amino acids that occupy positions 2 and 4, respectively. These latter substitutions are important in MC nomenclature, as the identity of these amino acids is indicated as an appendix using the one letter code. Thus, MC-LR refers to a microcystin bearing leucine and arginine in the variable positions 2 and 4, respectively. The D-alanine in position 1 and Adda ((2S,3S,8S,9S)-3-amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-4,6-dienoic acid) in position 5 are mostly conserved in this class of compounds, while the D-glutamic acid residue in position 6 is strictly conserved. 2 MCs are synthesized by the thiotemplate mechanism like other nonribosomal peptides produced by bacteria and fungi. 3 The enzymes catalyzing these reactions have a modular structure, each module containing specific functional domains for activation, aminoacyl adenylation (adenylation (A) domains), and thioesterification (thiolation domains) of the amino acid substrate and for the elongation (condensation domains) of the growing peptide. Adenylation domains show a high degree of conservation in their core motifs, thus enabling the definition of rules for the structural basis of substrate recognition in A-domains of nonribosomal peptide synthetases. [4] [5] [6] Our understanding of substrate specificity is based on the analysis of the X-ray crystal structure of the A-domain of gramicidin synthetase (GrsA). 7 Mutational investigations of the A-domain of the peptide synthetase (GrsA) activating phenylalanine revealed significant changes in enzyme activity after mutation of the critical amino acids within the A3 to A6 region. 4 The structural organization of the mcy gene cluster encoding MC biosynthesis has been elucidated, and it has been proposed that McyA, McyB, and McyC (the McyABC cluster) are responsible for the collinear activation and incorporation of Mdha 7 , D-Ala 1 , L-X 2 , D-MeAsp 3 , L-Z 4 during biosynthesis. 8 For Planktothrix spp., it has been shown recently that specific genotypes of McyAA1 and McyBA1 correlate with the presence of specific amino acids in positions 2 and 7 of the MC molecules produced by these strains. 9 In the present study, the structures of two new microcystins containing tyrosine or homotyrosine instead of arginine in position 4 of the sequence are 
Results and Discussion
In an earlier study it was reported that seven isolates of P. rubescens obtained from a specific lake (Schwarzensee) in the Austrian Alps (Upper Austria) contained exclusively unknown microcystin variants, all of which eluted more than 3 min after [D-MeAsp 3 ,Mdha 7 ]-MC-LR during HPLC analysis under standardized conditions. 10 In P. rubescens strain No80, the two most abundant MC variants, 1 (t R ) 24.0 min) and 2 (t R ) 23.5 min), contributed 76 ( 5% (SE) and 7 ( 4%, respectively, of the total microcystin content, whereas P. agardhii strain CYA126/8 produced mainly [D-Asp 3 The 1 H NMR spectrum of 1 in CD 3 OH (600 and 800 MHz) displayed the typical profile of a peptide. The satisfactory separation of the NH resonances in the 1 H NMR spectrum allowed the identification of individual spin systems on the basis of 1D-TOCSY data (Table 1) . These were expanded and confirmed by analysis of gCOSY, gHSQC, gHMBC, and ROESY data as well as by amino acid analysis (Figure 1 ). In this fashion, the alanine, aspartate, glutamate, tyrosine, and homotyrosine residues were readily identified. The Adda unit was assembled in a straightforward fashion on the basis of the gCOSY, gHSQC, and gHMBC data. ROESY data supported the assignment and suggested the conventional all-E configuration of the trisubstituted double bonds. Subsequently, starting from a methyl doublet and a quartet due to an olefinic proton resonating at δ 1.94 and at δ 5.77, respectively, a 2-amino-2-butenoic acid (Dhb) residue was assembled on the basis of the 2D NMR data. This suggests that 1 bears this residue instead of a dehydroalanine (Dha) or a N-methyldehydroalanine (Mdha) commonly found in other MCs.
After all of the subunits have been assembled, it was important to place the tyrosine and the homotyrosine residues into the correct positions within the cyclic heptapeptide. As a starting hypothesis, it was assumed that these two amino acids would occupy the variable sites 2 and 4 in the accepted nomenclature system. For this task the ROESY data proved to be extremely valuable. The Rand -protons of the D-Ala unit resonating at 4.54 and 1.01 ppm showed cross-correlations to the exchangeable NH proton of the homotyrosine unit. The assignment of the latter to the homotyrosine rests on a COSY correlation to the well-separated aminomethine resonance at 4.08 ppm, which is part of the C-2, C-3, and C-4 spin system as demonstrated by 1D-TOCSY.
A similar argument was constructed for the placement of the tyrosine residue in position 4, between the aspartate and the Adda unit. Thus, a ROESY correlation was observed between the NH proton of the Adda unit resonating at 7.28 ppm and the R-proton of the tyrosine unit at 4.63 ppm. The latter resonance also showed a ROESY correlation to the resonances for the H-5/9 protons of the tyrosine aromatic ring at 6.96 ppm, thereby confirming the assignments for the tyrosine based on analysis of gCOSY and gHMBC data. In addition, a HMBC correlation between the NH of Adda and the carbonyl C atom of the Tyr residues secured the sequence assignment.
Lastly, the configuration of the Dhb residue remained to be assigned. No relevant cross-peaks could be observed in the ROESY spectra, so we had to resort to a chemical shift correlation 11 The olefinic proton of the Dhb unit in these compounds resonates at δ 5.69 and 5.73, respectively.
The assignment of the structure of 2 followed a similar approach. FABMS analysis of 2 suggested the presence of an additional methylene group, as the pseudomolecular ions for [M + Na] + and [M + K] + were observed at m/z 1088 and 1104, respectively. This was confirmed by HRESITOFMS, which yielded a pseudomolecular ion [M + Na] + at m/z 1088.4960, suggesting a molecular formula of C 56 H 71 N 7 O 14 Na (calcd 1088.4957, ∆ -0.3 mmu). The appearance of the 1 H NMR spectrum of 2 suggested that it was closely related to 1 since many signals indicative of the characteristic structural elements present in 1 were observed. The location of the additional methylene group became apparent during the amino acid analysis of the hydrolysate of 2 when 2 equiv of Hty were observed and tyrosine was not found. Further analysis of 1D-TOCSY, gCOSY, gHMBC, and ROESY data confirmed that the structures of 1 and 2 were identical except for the incorporation of a second homotyrosine in lieu of the tyrosine residue present in 1 (Table 2) . Surprisingly, differences in chemical shifts were observed between 1 and 2: In 2 the amide and the methyl proton resonances of alanine are significantly shifted when compared to those in 1 (1: δ(NH) ) 7.54, δ(Me) ) 1.01; 2: δ(NH) ) 8.04, δ(Me) ) 1.34). This can be rationalized on the basis of the model of Trogen et al., who proposed a saddle-shaped form for MC-RR on the basis of NMR data and molecular dynamics calculations. 12, 13 The longer alkyl chain of Hty could allow the aromatic ring to be spatially close to the alanine residue in 2, whereas the arm is not sufficiently long for the tyrosine phenyl ring present in 1 to be placed similarly close to the alanine residue. However, the close spatial proximity of the tyrosine and alanine residues in 1 is indicated by a ROESY correlation between the alanine methyl resonance and the H-6/8 protons of the aromatic ring of the tyrosine, suggesting additional conformational consequences upon replacement of a Tyr by a Hty residue.
According to the model proposed by Tillett et al., McyAA1 is responsible for the selection of L-serine for incorporation into position 7 of the molecule. 8 In a reaction that is not well understood, this residue is subsequently transformed by dehydration into N-methyldehydroalanine. L-Threonine is thought to be dehydrated into 2-amino-2-butenoic acid in an analogous process.
14 In Planktothrix spp., genomic sequence analysis of mcyAA1 allows the prediction of the presence of Mdha 7 or Dhb 7 in the microcystin molecule; that is, genotypes with a short mcyAA1 (1692 bp), such as P. rubescens No80, lack the N-methyl transferase (NMT) and produce MCs with Dhb, 7 whereas genotypes with a long mcyAA1 (3022 bp), such as CYA126/8, possess a NMT and produce MCs bearing a Mdha 7 residue. 9 Outside the NMT region the McyAA1 genotype of strain No80 and of CYA126/8 differ in amino acid composition by about 45%. This is not surprising since the two domains must select different amino acids, threonine and serine, respectively, in order to produce these different MCs. The current predictive structure-based model requires the presence of 10 critical amino acids (so-called "signature sequences") in the putative binding pockets of adenylation domains that activate these two building blocks. [4] [5] [6] The sequences for these signature sequences of strain No80, DFWNIGMVHK, and of CYA126/8, DVWHIS-LIDK, respectively, are in perfect agreement with this model.
According to the analysis of Tillett et al., 8 McyBA1 is encoding the protein for the incorporation of the variable amino acid in position 2. Our sequence analysis suggests that the difference in mcyBA1 (1539 bp) is 4% between the two strains, No80 and CYA126/8. Some of these differences affect the putative binding pocket between conserved motives A3 to A6. 3 Notably, the McyBA1 genotype of strain No80 shows the signature sequence DALLFGFVAK and matches exactly the unique McyBA1 genotype reported to contain MCs bearing homotyrosine and leucine in Table 2 . 1 H and 13 position 2 but no trace of metabolites with arginine in that position. 9 In contrast, strain CYA126/8, showing the signature sequence DALFFGLVDK, falls into a group of genotypes elaborating MCs bearing arginine, arginine and leucine, or arginine, leucine, and homotyrosine in position 2. 9 For both adenylation domains, McyAA1 and McyBA1, it was shown that recombination of DNA fragments caused the alteration leading to the observed new substrate specificities (Figure 2 ). 9, 15 In contrast, the entire mcyC gene (3897 bp) of strain No80 showed only five nucleotide substitutions when compared to that of mcyC from CYA126/8. Two substitutions are located within mcyCA (1344 bp), equivalent to a sequence difference of only 0.15%, of which one results in the replacement of an aspartate by asparagine (position 2326 in AJ749287), part of the signature sequence DPWGFGLVNK versus DPWGFGLVDK of McyCA in CYA126/8. Both signature sequences had no precedent in the database. 6 Within the type I thioesterase part of mcyC, one nonsynonymous substitution results in the replacement of a threonine by alanine (position 3520). Considering that the major MCs of strain CYA126/8 have arginine in position 4 whereas the MCs of strain No80 bear homotyrosine or tyrosine at that site, these sequence differences are surprisingly minor given the differences in charge and polarity between the amino acids. First attempts to reconstitute the mutation in ViVo within McyCA in the genetic manipulable model strain CYA126/8 were unsuccessful.
Experimental Section
General Experimental Procedures. One-and two-dimensional NMR spectra were recorded on a Bruker DRX-600 equipped with a cryoprobe and a Bruker AVII-800 equipped with a cryoprobe. For NMR analysis, 1 and 2 were dissolved in CD3OH (methyl-d3 alcohol) and 1 H and 13 C NMR spectra were recorded at 25°C. HRESITOFMS were recorded on an Agilent LC-MSDTOF instrument. For amino acid analysis a Hitachi L-8500A amino acid analyzer was used. The determination of the amino acid enantiomers was carried out on a GC-MS instrument (Fison Instruments, GC 8000 Top, MD 800). HPLC separations were performed on an Agilent HP1100 system equipped with diode array detection.
Culture of Planktothrix. Strain No80 has been isolated during the study of Kurmayer et al. from Lake Schwarzensee (Upper Austria). 10 It has been deposited under this accession number in the culture collection of the Institute for Limnology in Mondsee, Austria. The strain CYA126/8 (Lake Langsjo in, Finland) was kindly provided by Kaarina Sivonen (Helsinki University, Finland). According to PCR analysis and sequencing of various marker genes, strain No80 was classified as P. rubescens. 16 Both strains were cultivated in modified BG11 medium 17 containing 2 mM NaNO3 + 10 mM NaHCO3 at 15°C under continuous light (5-10 µmol m -2 s -1 , Osram type L30W/77 Fluora). Extraction and Isolation. Cells of No80 were harvested from mass cultures in BG 11 and lyophilized. Cells were ultrasonicated and extracted with 50% MeOH (v/v) on a shaker (250 rpm) for 30 min. The extract was centrifuged at 16000g for 10 min twice and cleaned up by solidphase extraction using Sep-Pak tC 18 cartridges (Waters, Vienna, Austria). The two major MC variants (1, 2) were preparatively separated on a LiChrosper 100, ODS, 5 µm, LiChroCART 250-4 cartridge system (Merck, Darmstadt, Germany) using a linear gradient of aqueous CH 3CN (with 0.05% v/v TFA) starting with 30% CH3CN (v/v) and increasing up to 44% CH 3CN within 10 min and ending after 15 min with 49.5% CH 3CN with a flow of 1 mL min -1 . The elution times were 17.0 min (2) and 17.5 min (1). Both fractions were colorless oils, and HPLC analysis of the purified compound did not show any UVabsorbing contaminants. From compound 1 2214 µg and from compound 2 735 µg were obtained.
Amino Acid Analysis. For amino acid analysis, 10-100 µg each of pure MCs were heated at 110°C for 16 h in 0.5 mL of 6 M HCl containing 1% phenol. The reaction mixture was dried, dissolved in 100 µL of 0.02 M HCl, and subjected to amino acid analysis. Retention times (min) of the amino acid derivatives were as follows: 1: Asp (10. 
